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We have observed suppression of shot noise in the variable-range hopping regime for a two-
dimensional electron gas whose localization length, ξ, is controlled by a gate voltage. We have
found that the suppression factor F (Fano factor) is approximately inversely proportional to the
length of the system L (F = L∗0/L) for a broad range of values of ξ/L
∗
0, where L
∗
0 is the characteristic
length. In the case ξ/L∗0 << 1, we have identified L
∗
0 with the distance L0 between the hard hops
along the sample length. On the other hand, when ξ is of the order of L∗0, we have observed that
L∗0 does not agree with L0 calculated from the percolation model of hopping. We attribute this
discrepancy to a breakdown of that model and to a reconstruction of the hopping paths.
Shot noise in the hopping regime has attracted at-
tention only recently,1,2,3 in spite of the fact that shot-
noise measurements can shed light on the microscopic
processes of electronic transport.4 It has been shown ex-
perimentally that the study of shot noise provides impor-
tant information on electron hopping.2 In particular, it
was found that the noise power spectral density, S, of a
two-dimensional (2D) hole gas in a SiGe quantum well is
smaller than the Poissonian value of 2eI, with the Fano
factor (F ≡ S/2eI) being inversely proportional to the
length of the sample.2 The proportionality constant was
interpreted as a characteristic scale for inhomogeneity of
the hopping process. An analogous reduction of the shot
noise was observed recently in GaAs MESFET devices in
both two- and one-dimensional (1D) configurations.5
In the hopping regime, the electrons are localized
within the localization length ξ. According to the perco-
lation model of hopping,6 there is another characteristic
length, L0 >> ξ, which represents the distance between
the so-called hard hops. In other words, L0 is the size
of cells of the infinite cluster of less-resistive hops, the
backbone of the percolative network which carries the
current.6 At a scale much greater than L0, a sample can
be considered homogeneous.
It has been found experimentally that when the per-
colation model is applicable (when L >> L0 >> ξ) the
Fano factor is approximately inversely proportional to
the number of hard hops along the sample: F = L0/L,
where L is the sample length.2 This observation is consis-
tent with the theoretical prediction for noise suppression
in a 1D hopping system: the Fano factor is F = 1/N for
hopping through N identical barriers.1 In order to apply
this result to a 2D network, one should treat N as the
number of hard hops along the sample length.
A recent numerical calculation3 has found that in a 2D
system F ∝ 1/Lα with α = 0.85. Although within the
limited data available the experimental result in Ref. 2
is also consistent with an α = 0.85 exponent, that cal-
culation is based on simplifications (e.g., T = 0 K, no
e-e interactions) that in some cases may restrict its ap-
plicability. Previous experiments2,5 have been analyzed
within the framework of the percolation model6 using the
F = L0/L dependence, which offers a more intuitive pic-
ture and fits the data at least equally well. In the case
of a 2D hole system,2 L0 was determined to be ∼1 µm
for the 2-5 µm-long samples, while ξ was estimated to be
∼0.01 µm. A similar value for ξ was obtained for shorter
(0.2 µm ≤ L≤ 0.4 µm) GaAs devices.5 In the latter case,
however, a deviation from the dependence F = L0/L
was found: the Fano factor saturated below the value of
1, expected when L0 ∼ L, for both 2D and 1D config-
urations. This result was tentatively attributed to the
Coulomb interaction between hopping electrons.5
Neither of these studies has considered the situation
when L0 is of the order of ξ. Under this condition, it
is questionable to treat the hopping conductivity as the
charge percolation through a 2D network of lumped re-
sistors, which represent individual hops. It is also unclear
what to expect for the Fano factor in such a case.
To address this question, we have studied the shot
noise of hopping 2D electrons over a wide range of ξ/L0
values, from very small up to values of the order of unity,
using a low-mobility 2D electron gas in a Si-doped GaAs
structure. A single δ-doped layer of Si donors (concentra-
tion 1.3×1012 cm−2) was separated from the metal-film
gate electrode by a 0.1 µm-thick MBE-grown layer of
undoped GaAs . The width of the conducting channel
between the source and drain was 100 µm. Two metal
gates across the channel, 5 µm and 10 µm long, allowed
to deplete the 2D gas and to drive it into the hopping
regime (see the inset in Fig. 1).
Figure 1 shows the source-to-drain current-voltage
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FIG. 1: Two-terminal current-voltage curves for the section
of the sample with a 5 µm-long gate (contacts 1 and 2 in in-
set). A relatively large Vsd modifies the effective gate voltage,
and results in an asymmetry of the I-V curves. Similar asym-
metry was observed in the noise measurements (Fig. 2). The
10 µm gate is selected by using contacts 2 and 3 (see inset).
characteristics for the section of the channel intercepted
by the 5 µm-long gate, at various values of the gate volt-
age, Vg = -1.1 to -1.3 V. (Similar curves were obtained
for the section intercepted by the 10 µm-long gate.) The
observed increase of the source-drain resistance with de-
creasing gate voltage reflects an increasing depletion of
carriers under the gate. The current asymmetry for the
two polarities of the source-drain voltage, Vsd, is a conse-
quence of the electronic configuration employed, in which
large positive (negative) values of Vsd decrease (increase)
the effective gate voltage.
The electronic noise of the source-drain current was
measured at a frequency of 80 kHz, using a set-up de-
scribed in Ref. 2 and with the sample immersed in liquid
He. The current dependence of the noise power spectral
density for several gate voltages is summarized in Figs. 2
and 3, for the 5 µm- and 10 µm-long gates, respectively.
The Fano factor has been extracted from the fit to the
expression5
SI = F2eIcoth(FeV/2kT ). (1)
In the eV >> 2kT/F limit, this equation reverts to the
familiar SI = F2eI. In our case, however, it is impor-
tant to use the full expression, especially for Vg = -1.1 V,
where eV ≈ 2kT/F . In Figs. 2 and 3, open circles are ex-
perimental points, and solid lines are fits to Eq. 1. From
an analysis of these data, we draw the following conclu-
sions: (a) In all cases, the shot noise is partially sup-
pressed (F < 1). (b) For fixed gate length, F increases
as Vg becomes more negative, as shown in columns 2 and
3 of Table I for the 5 micron and 10 micron long gates,
respectively. This can be interpreted as a decrease of
the number of hard hops (increase of L0) as the sample
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FIG. 2: Shot noise for the 5 µm-long gate section of the de-
vice shown in the inset in Fig. 1. For clarity, the zero current
noise levels (short and thick horizontal lines) for Vg = -1.2 V
and Vg = -1.3 V have been shifted by 2.5×10
−27 A2/Hz and
5×10−27 A2/Hz, respectively. The Fano factor, F , is an av-
erage of the values obtained from the fit of Eq. 1 to each
current polarity, except for Vg = -1.3 V, where only the neg-
ative current branch has been considered (to compare it with
its equivalent for 10 micron gate length). The dashed curves
represent the calculated thermal noise using 4kTG(I), where
G(I) is the measured conductance as a function of source-
drain current, I , for each gate voltage.13
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FIG. 3: Shot noise for the sample with a 10 µm-long gate,
at several gate voltages. The curves for Vg = -1.2 V and
Vg = −1.3 V have been shifted by 0.8×10
−27 A2/Hz and
1.6×10−27 A2/Hz, respectively (short and thick horizontal
lines). The positive bias current for Vg = -1.3 V was too
small to be resolved with sufficient accuracy. The Fano factor
is obtained as described in the caption of Fig. 2.
3TABLE I: Sample parameters for several gate voltages. The values shown in the second and third columns represent the Fano
factors for the 5 µm- and 10 µm-long sections of the sample, respectively. They were obtained by averaging the Fano factor for
negative and positive bias current of the shot noise vs current graphs (see Figs. 2 and 3), except for Vg = -1.3 V, where only
the negative bias branch was considered. The values of T0 are extracted from the fit shown in Fig. 4. The localization length ξ
was calculated from Eq. 2, using C = 1, κ = 12.4 for the dielectric constant of GaAs, and the experimental values of T0. The
values of L∗0 were calculated from the relation F = L
∗
0/L and averaged for the 5 µm- and 10 µm-long gates. Finally, the values
of L0 were calculated from Eq. 3.
Vg F F T0 ξ L
∗
0 L0
(V) (L =5µm) (L =10µm) (K) (µm) (µm) (µm)
-1.3 0.130±0.010 0.055±0.005 137±31 0.010±0.002 0.60±0.04 0.54±0.20
-1.2 0.090±0.010 0.045±0.010 59.4±7.8 0.023±0.003 0.45±0.04 0.48±0.10
-1.1 0.032±0.005 0.014±0.004 17.0±0.6 0.080±0.003 0.15±0.02 0.40±0.02
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FIG. 4: Temperature dependence of the zero-bias conduc-
tance for the sample with a 10 µm-long gate. Open circles
are for measurements in a liquid helium (LH) cryostat that
can be pumped down to 1.4 K. Filled squares are data taken
with the sample in a LH transport dewar. Lines are fits to
the equation G(T ) ∝ exp [−(T0/T )
0.5] (see Ref. 7). The shift
between both sets of data, especially clear at Vg = -1.2 V,
is probably due to differences in the sample resistance after
several warm-up and cool-down cycles.
becomes more resistive. (c) The suppression is approx-
imately inversely proportional to the gate length. The
values of the proportionality constant, L∗0, are indicated
in column 6 of Table I. We note that although the pa-
rameters are different, these conclusions are similar to
those reached previously using very different materials
systems.2,5 This similarity lends additional support to
the generality of the underlying physical mechanism and
to the simple expression we have used connecting Fano
factor and gate length.
In order to compare the experimental results with the
theoretical predictions based on the percolation model of
hopping,1 we need to estimate the characteristic lengths
for the samples studied. In the strongly-localized regime,
the temperature dependence of the conductivity (see Fig.
4 and Ref. 7) resembles the Efros-Shklovskii (ES) law for
variable-range hopping,6 G(T ) ∝ exp [−(T0/T )
0.5]. In
this case, the localization length can be estimated as
ξ = Ce2/κkBT0, (2)
where C is a constant of the order of unity,6,8 and κ is the
dielectric constant. The values of the fitting parameter
T0, and ξ calculated from Eq. 2, are shown in Table I.
Tuning the gate voltage over the range Vg = -1.1 to -1.3
V results in large variations of ξ, from 0.084 µm to 0.010
µm. It is worth mentioning that application of the ES
model for the hopping with a large localization length
(Vg = -1.1 V) is not fully justified (see, e.g., Ref. 9), and
we need to treat this estimate with caution.10
We are now in a position to compare two characteristic
lengths, ξ and L∗0. For Vg = -1.3 V, the ratio ξ/L
∗
0 is much
smaller than 1, and the percolation model of hopping
holds. We assume that in this case L∗0 coincides with the
distance between hard hops, L0 [Ref. 11]:
L0 = ξ(T0/T )
(ν+1)/2, (3)
where ν is the critical index of the correlation radius
(∼1.3 in 2D). In Table I we list the values of L0 ob-
tained from Eq. 3 using the tabulated values of T0 and
ξ. Indeed, for Vg = -1.3 V and -1.2 V, where ξ/L
∗
0 << 1,
the values of L∗0 and L0 are in good agreement.
The situation is different, however, for Vg = -1.1 V,
where ξ/L∗0 = 0.53. In this case, L
∗
0 is a factor of three
smaller than the estimate for L0 from Eq. 3 (see Table
I). This discrepancy suggests that the percolation model
is not applicable when ξ becomes of the order of L∗0. The
relation F = L∗0/L is apparently still valid in this limit,
but for a correct interpretation of L∗0 it is necessary to go
beyond the percolation model. This implies to take into
account not only the backbone of the infinite percolation
cluster, but also new hopping trajectories which come
into play when ξ becomes comparable to L∗0.
Given the limited (2) number of gate lengths used
in our experiment, it is fair to ask whether one could
have analyzed the experimental results using instead a
F = (L∗0/L)
0.85 dependence, as suggested by recent nu-
merical calculations.3 Such an analysis yields values of
4L∗0 that are somewhat different from those shown in Ta-
ble I; however, the large difference between L∗0 and L0
for Vg = -1.1 V remains, indicating that our conclusion
is not qualitatively affected by small deviations of the
exponent from unity.
In principle, percolation theory could still explain our
results if, in analogy with the 3D case, we would assume
that the dielectric constant, k, increases as the sample
becomes more conductive.12 An increase of k by a factor
of three at Vg = -1.1 V would give a good match be-
tween the predicted L0 from percolation theory and our
measured L∗0. This interpretation is appealing since at
that gate voltage the sample still seems to follow the ES
law (as seen in Fig. 4). However, it is an open question
whether in the 2D system considered here the dielectric
constant might grow with increasing localization length.
We hope that the experimental results presented here will
stimulate the development of a theoretical model appli-
cable for an arbitrary ratio of ξ/L∗0.
In short, we have found that the Fano factor F is ap-
proximately inversely proportional to the length of the
system L (F = L∗0/L), in a broad range of values of the
ξ/L∗0 ratio, where ξ and L
∗
0 are the localization and char-
acteristic lengths, respectively. In the limit ξ/L∗0 << 1,
we have identified L∗0 with the distance L0 between hard
hops along the sample length. On the other hand, when
ξ ∼ L∗0, we have observed that L
∗
0 does not agree with L0
calculated from the percolation model of hopping, thus
signaling a reconstruction of the hopping paths.
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